Although Vanadium Redox Flow Battery (VRFB) is well suitable for grid-scale application, their power-related cost must be reduced in order to boost the technology to the market, allowing their widespread commercialization. One effective way to make the VRFB a competitive and viable solution could be through the new strategies for improving the electrocatalytic activity of the electrodes with enhanced electrolyte/electrode interface characteristics. The greatly effective and enhanced-electron transfer could increase the current density with the decrement of the stack size. Herein, we report the synergistic effect demonstrated by N-and WO 3 -decorated carbon-based positive electrode, named HTNW electrode, which demonstrates the feasibility of achieving: i) enhanced electrocatalytic activity, indicating high rate towards VO 2+ /VO 2 + couple (promotion of oxygen and electron transfer processes), ii) decrement of the electron-transfer resistance from 75.62 Ω to 12.4 Ω for the pristine electrode and HTNW electrodes, respectively; iii) 51% of the electrolyte utilization ratio at high rates (i.e. 200 mA cm -2 ) with 70% of energy efficiency ; iv) increment of more than 50% of the power-peak in comparison with HT electrode.
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Introduction
Vanadium redox flow batteries (VRFB) are considered a prominent alternative to large-scale energy storage because of their outstanding features compared to other energy storage technologies (i.e. Lithium ion batteries) such as longer lifetime (10000 cycles), flexible design, and minimum self-discharge. However, despite of their maturity, cost reduction is the major challenge to overcome in order to achieve VRFB widespread application, including renewable integration, smart grid uses and off-grid electrification areas. This is mainly because the currently power-related cost is still too high, (state-of the art in VRFB €600/kW) and the existing alternatives present low roundtrip electrochemical energy efficiency at highrates.
The power output is determined by size of the stacks through the number of cells and the active area of the electrodes. The stack components (i.e. proton exchange membrane and electrodes) directly define the performance of VRFB (e.g. high rate capability and long-term stability) since they establish the polarization and the ohmic resistance. In particular, the electrodes must facilitate the electron transfer process towards the positive and negative halfcell reactions (1, 2) . Consequently, by enhancing the electrochemical properties of the electrodes the power density (i.e. current) can be increased, leading to a reduced stack size, and, as a consequence, decreasing the power-related cost (SET plan targets for batteries towards 2030 in EU €300/kW [1] 
According to these reactions, the positive half-cell reaction (reaction 1) involves a kinetics that requires the contribution of protons, the interchange of an oxygen atom and an electron transfer process. The negative half-cell reaction involves only an electron transfer process (reaction 2). Thus, the kinetics of the VO 2+ /VO 2 + reactions becomes limited by the availability of O-containing groups (i.e. number of active sites) that enhance this oxygen interchange. Therefore, apart from the amount of oxygen functional groups (C=O, C-OH) on the surface, other features related to the electrode activity, such as wettability and adsorption of vanadium onto surface electrode become also decisive. It is worth mentioning that the formation of Carbon-Nitrogen-Vanadium intermediate especially via quaternary and/or oxidic nitrogen groups [4] is a key step for the enhancement of the electrocatalytic activity [2, 3] , facilitating the electron transfer in the electrode/electrolyte interface M A N U S C R I P T
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Intensive efforts have been made to improve the electrochemical activity of the carbon felts (CF) as positive electrodes by enhancing the surface area and/or the electrical conductivity by means of introducing several electrocatalysts. For example, MWCNTs [5] , graphene nanosheets and carbon nanofibers [6, 7] , functionalization of carbon surface as N-and Ocontaining groups [8] , metals such as Pt [6] , Ir [9] and Bi [10] and metal oxides Mn 3 O 4 [11, 12] , WO 3 [13, 14] , TiO 2 [15] , CeO 2 [16] , PbO 2 [17] , and Nb 2 O 5 [18] were deposited onto the CF supports to prepare modified electrodes. However, although all this research demonstrated an improvement in electrochemical kinetics, the enhanced power density is rarely discussed in the literature as a complementary performance evaluation to the charge/discharge experiments. Recently, significant work has been done by Mayrhuber et al.
to increase the power density by means of improving the mass-transport losses in carbon paper electrode, achieving an increment in power density of 30% using perforated electrodes in comparison with pristine carbon paper electrode [19] . In parallel, Liu et al. demonstrated
an increment in power density values of 16% using no-gap cell and air-treated electrodes [20] . Despite this relevant research devoted to (1) improving the surface area with functionalized electrodes, (2) enhancing mass-transport process and (3) designing novel VRFB prototypes using no-gap architectures, the improvement of the power density output of VRFB systems is still a major drawback preventing the cost from decreasing further.
In order to fill this gap and motivated by the idea to promote active sites for the adsorption of vanadium ions and enhancements in the electron and oxygen transfer processes, our strategy was based on the modification of the surface of carbon felt with the functionalization of Nand WO 3 -containing groups. The performance of the VRFB has been evaluated as the combined effect of the aforementioned functionalities for their advantages such as low cost, easy preparation and high stability in sulfuric media in comparison with other metal oxides as IrO 3 or RuO 2 . In this study, we used a hydrothermal process with urea and Na 2 WO 4 ·2H 2 O precursors as an efficient methodology to produce stable and large amounts of N-and Ofunctionalities. Moreover, the hydrothermal process is an environmentally friendly technology, very suitable for large-scale production.
It is worth mentioning that the WO 3 -based electrodes have been extensively studied in the literature as electrocatalysts for VRFB. However, the discussion is limited to fundamental studies in three-electrode cell (Interlaced WO 3 -carbon nanotube nanocomposite electrodeposited on graphite as a positive electrode in vanadium redox flow battery) or their application in a flow cell with a very low current density (ca. 50 mAcm -2 ) [13] . Recently, Labkem. All materials were used as received without further purification. Figure 1 shows a schematic representation of the synthesis process for the functionalization of the all electrodes. Firstly, all as-prepared electrodes of CF were thermally activated at 450°C for 30
hours in oxygen atmosphere in order to remove impurities, denoted as HT electrode.
Consequently, HT electrode was modified by introducing N-functionalities, using a simple and low-cost hydrothermal method. In this method, CF electrode was immersed in 80 mL solution of 4 M urea in deionized water. Next, it was put into an ultrasonic bath for 30 minutes, allowing the penetration of the solution into the electrode and then it was poured into a Teflon-lined autoclave reactor and the temperature was set to 180°C for 12 hours. After that, the reactor was cooled down to room temperature and the sample was taken out and washed with deionized water [21] . This electrode was labelled as HTN. 
2 Materials characterization
The morphology of prepared felt electrodes was examined by FE-SEM (using a field 
3 Electrochemical tests
The electrochemical activity of prepared samples was investigated with a cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). A piece of disk-shaped felt sample (Diameter 8mm, thickness 6mm) was connected to a platinum wire and served as working 
4 Single-cell performance
The single-cell performance of as-prepared electrodes was evaluated in the VRFB cell, using geometric area of electrodes of 3cm 2 Figure 2 . Charge and discharge profiles (cell potential vs. capacity) were used to obtain electrolyte utilization ratio. A theoretical capacity of 965 mAh was calculated for 20 ml electrolyte in each compartment. In order to identify the mechanism of the voltage losses and the output of the voltage at specified current density, polarization curves were conducted using current-steady steps. In all cases, the discharging polarization curve started with the battery and, after that, the battery was discharged at the specified current density in the range of 0 to 500 mAcm -2 for 30s, obtaining the output voltage. Finally, a rest period of 2 minutes to a steady state at OCP was applied. The power density curves were obtained from the product of output voltage and the corresponding current density. 
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Results and discussion
1 Surface characterization of as-prepared electrodes
The FE-SEM images of as-prepared samples are shown in electrodes. Inside of this wide peak, can be differenced two peaks, which is attributed to two different crystallinity of tungsten oxide in sample [24] . All samples show a weak peak at 3745 cm -1 as an indicator for hydroxide groups. Notably, the presence of the Pyridine-N-O-groups in the HTNW electrode related to the ambient undergone the sample during the WO 3 deposition the HTNW (Figure 6b ). These functionalities could promote the synergistic effect, based on the following assumptions: i)
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The N-functionalities modify surface of the electrode in terms of wettability and thereby, alters the chemisorption characteristics of the vanadium ions, together with WO 3 -functionalities; ii) Incorporation of highly content of active sites in order to overcome the rate-controlling step (i.e. the oxygen and electrode transfers) in the redox reaction VO 2 + /VO 2+ .
Electrochemical properties
Cyclic voltammetry experiments at different scan rates were carried out to investigate electrochemical behavior of prepared felt electrodes towards VO 2+ /VO 2 + redox couples. The electrochemical behavior improvement of these samples was evaluated through four parameters, described as follow: i) current density values for oxidation and reduction peaks as well as ratio of oxidation and reduction current density peaks (I pa, I pc ) and ii) onset potential for oxidation process ; iii) the ratio of oxidation and reduction peak current densities (Ipa/Ipc, closed to 1 for reversible one electron process); iv) peak potential (E a , E c ) and peak-to-peak potential separation (∆Ep=59 mV for reversible one electron process) [30] . Figure 7 illustrates the 10th cycle of the CV curves, which well-defined peaks for both oxidation and reduction processes can be appreciated in all as-prepared electrodes.
Comparing all electrodes, the oxidation and reduction peaks current density values of the as- The combination of these features, suggests the potential synergistic effect due to the simultaneous modification of the HT electrode by WO 3 and N groups. These functionalities lead to remarkable higher electrocatalytic activity (i.e. higher reversibility and current density collected) for the positive half-cell reaction than HTW, HTN and HT electrodes.
The mass-transfer features for as-prepared electrode have been assessed using RandlesSecvic equation. Figure 8 despites the linear -relationship of the peak current densities values for oxidation and reduction process as a function of square root of the scan rate. In all as-prepared electrodes, peak currents densities are proved to be nearly proportional to the square root in the whole range of scan rates investigated, thus revealing that process is unequivocally controlled by the diffusion of the species in solution. In addition, the slope of the HTNW electrode was higher for both, oxidation and reduction processes, comparing with all electrodes studied, suggesting the improved mass-transfer reaction. The improved masstransfer reaction on HTNW electrode can be ascribed to the highest electrochemically surface area due to the combination of WO 3 and N functionalities. 
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Electrochemical impedance spectroscopy (EIS) data support our claims, as shown in Figure   7 . In all as-prepared electrodes, a straight line at low frequencies and a semi-circle at high frequencies are the components of the Nyquist impedance plot obtained, suggesting that the reaction of VO 2+ /VO 2 + is a mixture of charge transfer and diffusion-controlled processes.
Consequently, the equivalent circuit shown in the inset of Figure 9 simulates the classical Randles circuit for the aforementioned mixed control electrochemical process. The following elements can be appreciate in the equivalent circuit: 1) the R s element represents the bulk electrolyte resistance; 2) R ct denotes charge transfer resistance occurred at the interface of electrode material and electrolyte solution; 3) CPE-1 is ascribed to constant phase element, which is related to the double-layer capacitance of the interface between electrode and electrolyte, and 4) CPE-2 element represents the diffusion capacitance in pores of the electrodes. The parameters obtained after the fitting data are listed in Table 1 for less than 10% error. 
Capacity and power features in VRFB flow cell
All these characteristics remark that the simultaneous modification of the treated carbon felt by WO 3 and N-heteroatoms has a synergetic effect, creating higher surface area (i.e. highly number of active sites) as well as facilitating the electron and oxygen transfer processes towards the VO 2+ /VO 2 + reaction (i.e. lower charge transfer resistance values). Thus, the higher active site density and the faster kinetics envisage the well-performance at higher current densities without higher voltage losses. Consequently, these electrodes constitute a clear alternative for increasing the power density capability and clearly could decrease the cost of the stack. For better understanding, the M A N U S C R I P T In order to evaluate the performance of the VRFB for power-related application using HTNW electrodes, the peak power values determination has been evaluated. Figure 11 shows the characteristic polarization curves obtained for VRFB using both electrodes, HT and HTNW.
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Significantly differences can be appreciated in the performance originated by the following voltage losses: 1) kinetic activation of electrode in the range of 0 to 100mA cm -2 , 2) iR losses or ohmic resistance in the range of 100 to 400 mAcm -2 , associated with the contact resistant of all components, ionic resistance and electrical resistance in electrodes, and 3) transportlosses in the range of 425 to 500 mAcm -2 due to concentration for polarization, where a mass transfer-limiting currents appears, associated with bulk reagent delivery to the electrode.
Comparing each region for both VFRB batteries and taking into account that the all elements are the same with the exception of positive electrode; the following features can be draw: 1)
HT electrode originates greatly dramatic voltage drop, raising a kinetics more favorable in VRFB using HTNW electrode; 2) using HT electrodes lead to poor electrocatalytic activity than HTNW electrode in accordance with the VE trend; 3) 
